All microarray data files are available from the ArrayExpress database (accession number: E-MTAB-3293).

Introduction {#sec001}
============

Diabetes mellitus is one of the most severe endocrine metabolic disorders associated with the absence or decreased level of insulin hormone or its reduced action on cells. It induces serious complications including coronary artery, renal and ophthalmologic diseases resulted in disability or mortality of diabetic patients \[[@pone.0124968.ref001]\]. Microarray technique provides possibility to compare the gene expressions of different cells or tissue types in a wide scale. It has important usage areas such as; revelation of the subgroups of certain diseases, development of new detection methods and understanding the molecular mechanism of a response that is generated against a disease or drug.

Recently, expression microarrays have been widely used to characterize gene expression patterns in diabetes. For instance, 46 genes were found to be altered in lung tissues of diabetic rats. Among these; apoptosis, response to stress, regulation of protein kinase activity, ion transporter activity and collagen synthesis were dominated \[[@pone.0124968.ref002]\]. Moreover, diabetes modulated 97 and 102 genes of diaphragm and sternohyoid muscle of Zucker diabetic fatty rats, respectively. The genes responsible from lipid and carbohydrate metabolisms, muscle contraction, ion transport and collagen metabolism were changed considerably and a shift in gene expression from carbohydrate metabolism toward lipid metabolism were identified \[[@pone.0124968.ref003]\]. After 24 hours from streptozotocin (STZ) treatment, expressions of more than 100 genes were altered and this number declined in a time dependent manner in mouse liver tissues. Expression of stress/xenobiotic metabolism, cell cycle and apoptosis-related genes increased, while genes which are associated with glucose, lipid and protein metabolisms decreased after STZ treatment \[[@pone.0124968.ref004]\]. Gene expression profile by high-throughput sequencing in type 2 diabetic mouse livers were also studied, and 2627 genes were found to be modulated significantly. Gene ontology analysis showed that the up-regulated genes were mainly enriched in metabolism whereas down-regulated genes were mainly enriched in immune-related processes \[[@pone.0124968.ref005]\].

Resveratrol (3,4',5-trihydroxystilbene) is a polyphenolic compound which is produced by plants against various infections. The cardio protective, anti-cancer and anti-inflammatory actions were investigated with various studies \[[@pone.0124968.ref006]--[@pone.0124968.ref008]\]. Resveratrol has become increasingly attractive as a therapeutic agent in the treatment of a variety of pathologies, including diabetes mellitus \[[@pone.0124968.ref009]\]. Although its antioxidant activity has been demonstrated previously \[[@pone.0124968.ref008],[@pone.0124968.ref010],[@pone.0124968.ref011]\], the mechanisms underlying the beneficial effects of resveratrol have not been completely elucidated. Recently, it has been found that resveratrol may act on some transcription factors such as FoxO-1, Nrf2 and NFκB to increase the expression of several genes so that it can normalize the changes which are caused from diabetes \[[@pone.0124968.ref012],[@pone.0124968.ref013]\].

Resveratrol affected expression of more than 1200 genes in breast cancer cell line, MCF-7. These genes involved in mismatch repair, DNA replication, homologous recombination and cell cycle \[[@pone.0124968.ref014]\]. In another current study, microarray analysis revealed that resveratrol down-regulated Wnt and Notch signaling pathways and up-regulated the genes of cell cycle regulation in adipocytes \[[@pone.0124968.ref015]\]. In a study over turbot head kidney leucocytes, resveratrol repressed expression of several genes which are involved in immune responses and inflammation, and induced several cytoskeleton-related genes \[[@pone.0124968.ref016]\]. Resveratrol also altered the expression of more than 1600 transcripts in human prostate cancer cells, mostly belonging to androgen pathway, in a time and dose dependent manner \[[@pone.0124968.ref017]\].

Even though these recent advances reveals *in vitro* effects of resveratrol on gene expression profile of some cell lines, there is still a lack of knowledge about the changes in gene expression profiles in animal models of diabetes in response to resveratrol. To understand tissue-specific molecular alterations in diabetes and *in vivo* effects of resveratrol; we hypothesized that diabetes-related alterations in global gene expression profile of liver tissues could be casually returned to normal values by resveratrol. To make track for the molecular action mechanism of the resveratrol through the regulation of the liver function, the present study was designed to examine the gene expression profile in liver tissues of rats treated with resveratrol using microarray technology.

Materials and Methods {#sec002}
=====================

Materials {#sec003}
---------

Streptozotocin and pyrogallol were purchased from Sigma (St. Louis, MO, USA); trans-resveratrol was obtained from Molekula (Gillingham, Dorset, UK). Total RNA isolation kits and reagents for cDNA synthesis were obtained from Thermo Scientific (Burlington, Canada). SYBR Green I Master Mix was purchased from Roche (Foster City, CA, USA). GeneChip Rat Gene 2.0 ST Arrays, IVT express kits, GeneChip hybridization, wash and stain kits were obtained from Affymetrix (Santa Clara, USA). Antibodies were obtained from Abcam (Cambridge, MA, USA) and Santa Cruz (Santa Cruz, CA, USA). PVDF membranes were purchased from Bio-Rad (Hercules, California, USA). All other chemicals used in this study were of the highest analytical grade available, and the buffers were prepared using sterile distilled water.

Animal Procedure and Tissue Preparation {#sec004}
---------------------------------------

Experiments were performed on eight-week-old adult male Wistar rats weighing between 300--350 g. Study protocols were approved in advance by the local ethics committee for animal research studies at the Karamanoglu Mehmetbey University (K.M.U. ET-11/01-02). This study was carried out strictly according to rules of the guide for the care and use of laboratory animals as published by the US National Institute of Health (NIH Publication No: 85/23, revised in 1986). All efforts were made to minimize animal suffering. A completed ARRIVE guideline \[[@pone.0124968.ref018]\] is included in [S1 File](#pone.0124968.s003){ref-type="supplementary-material"}.

Rats were housed under temperature-controlled rooms (20--22°C) with a 12-hours light-dark cycle. The animals were fed with standard rodent diet composed of 62% starch, 23% protein, 4% fat, 7% cellulose, standard vitamins and salt mixture (chow pellet). After acclimation for one week, animals were randomly assigned into four groups: (1) non-diabetic control group (n = 12) given only vehicle (10% DMSO), (2) non-diabetic control group (n = 12) given a daily i.p. dose of 20 mg/kg/day resveratrol in 10% DMSO (K+RSV) throughout the 4-week period, (3) diabetic group (n = 12) received STZ (55 mg/kg) dissolved in citrate buffer (0.05 M, pH: 4.5) and vehicle for each day and (4) diabetic group treated with resveratrol (n = 9) (D+RSV), which received a daily i.p. dose of 20 mg/kg/day resveratrol throughout the 4-week period, starting from two days after STZ administration. Blood glucose concentrations were determined by Accu-check-go glucometer (Roche, Germany) weekly from blood of tail veins. The criteria for the diabetes were the blood glucose concentration higher than 200 mg/dl. After 4 weeks of diabetes, the rats were fasted overnight and decapitated for the removal of liver tissues, which were quickly frozen in liquid nitrogen and kept at -85°C for subsequent biochemical analyses.

Total RNA Isolation and Microarray Analysis {#sec005}
-------------------------------------------

Total RNAs were isolated from liver tissues using the RNeasy total RNA isolation kit (Qiagen, Venlo, Netherlands) according to the manufacturer protocol. After isolation, the amount and the quality of total RNA were determined using spectrophotometry at 260/280 nm and the Agilent 2100 bioanalyzer (Santa Clara, USA). Samples, whose RNA integrity number (RIN) greater than 7.0 were used in qRT-PCR experiments and the samples having the highest RIN numbers (minimum 8.0) were used in microarray analysis.

First-strand cDNA synthesis was achieved using 0.5 μg total RNA with T7 oligo (dT) primers. Then, single-stranded cDNA was converted into second-strand cDNA which was used as a template for transcription reaction. Amplified RNA (aRNA) was produced from the double-stranded cDNA via *in vitro* transcription (IVT). aRNA was labeled with biotin-conjugated nucleotides in IVT labeling reaction. 15 μg of biotin-labeled aRNA was fragmented and hybridized to Affymetrix rat genome 230 2.0 arrays which represents 31,000 transcripts and provides comprehensive coverage of the entire transcribed rat genome. The hybridized arrays were scanned using an Affymetrix scanner. GeneChip Operating Software 1.4 was used for the extraction of microarray data from scanned GeneChip images. Four biological replicates from four treatment groups were arrayed to rat genome 230 2.0 arrays, totaling 4 arrays × 4 groups.

Analysis of microarray data from all hybridizations and array normalization were done using GeneSpringGX 11.0 (Agilent, USA) software. The raw data were normalized per chip using Robust Multiarray Analysis (RMA) and significantly modulated transcripts were determined with a fold change cut-off threshold of two-fold up- and down-regulation with One-way ANOVA (p\<0.05). Microarray data were deposited to ArrayExpress database (<http://www.ebi.ac.uk/arrayexpress>) under accession number of E-MTAB-3293. According to Principle Component Analysis (PCA) of array data, consistency of biological replicates and differences between four different experimental groups were verified. Gene Ontology Enrichment Analysis Software Toolkit (GOEAST) is used to match significantly changed probe sets with gene ontology groups \[[@pone.0124968.ref019]\]. Pathway analysis were carried out with web based KEGG (Kyoto Encyclopedia of Genes and Genomes) software \[[@pone.0124968.ref020]\].

Quantitative Real Time PCR (qRT-PCR) {#sec006}
------------------------------------

The reliability of microarray data was tested by qRT-PCR analysis of the selected genes including *CAT*, *Usp2*, *Igfbp2*, *GST-A5*, *CYP8B1*, and *CYP1A1*. Primer sequences were designed according to appropriate T~m~, %GC and ΔG values by primer express 2.0 software and synthesized by Iontek (Bursa, Turkey). Each primer was homology searched by NCBI BLAST to ensure that they were specific for the target mRNA transcript \[[@pone.0124968.ref021]\]. In addition to validation experiments, expression levels of various antioxidant (*SOD-1*, *SOD-2*, *GST-Mu*, and *GST-Pi*) and detoxification genes (*CYP1A1*, *CYP1A2*, *CYP2A1*, *CYP2B1*, *CYP2E1*, *CYP2C11*, *CYP4A1*, *CYP8B1*) were also determined.

To do this, 1 μg of total RNA were reverse transcribed to cDNA using commercial first strand cDNA synthesis kit (Thermo Scientific, USA) and gene expressions were determined by mixing 1 μl cDNA, 5 μl 2X SYBR Green Master mix (Roche FastStart Universal SYBR Green Master Mix) and primer pairs ([S1 Table](#pone.0124968.s004){ref-type="supplementary-material"}) at 0.5 mM concentrations in a final volume of 10 μl. Next, qRT-PCR (LightCycler480 II, Roche, Basel, Switzerland) was performed as follows: initial denaturation at 95°C for 10 minutes, denaturation at 95°C for 10 seconds, annealing at 58°C for 15 seconds and extension at 72°C for 15 seconds with 45 repeated thermal cycles measuring the green fluorescence at the end of each extension step. The PCR reactions were performed in triplicates and the specificity of PCR products were confirmed using melt analysis. The relative expression of genes with respect to internal control; glyceraldehyde 3-phosphate dehydrogenase (*GAPDH*) were calculated with the efficiency corrected advance relative quantification tool provided by the LightCycler 480 SW 1.5.1 software.

Tissue Homogenization and Protein Extraction {#sec007}
--------------------------------------------

Homogenates of liver tissues were obtained with the aid of Tissue Rupture (Qiagen, Venlo, Netherland) homogenizer using a homogenization solution consisting of 1.15% (w/v) KCl, 5 mM EDTA, 0.2 mM PMSF, and 0.2 mM DTT in 25 mM phosphate buffer at pH: 7.4. Next, homogenates were centrifuged at 1500 *g* for 10 min at 4°C and the supernatants were aliquoted to perform enzyme assays and other biochemical analysis. Protein concentrations were determined according to the Lowry method \[[@pone.0124968.ref022]\]. Hepatic insulin concentrations were measured using commercially available specific Rat ELISA kits (DRG Instruments GmbH, Germany) according to the manufacturer\'s protocol.

Determination of Tissue Oxidant and Antioxidant Status {#sec008}
------------------------------------------------------

Measurement of total antioxidant status (TAS) and total oxidant status (TOS) was performed using a total antioxidant and oxidant status determination kits (Rel Assay Diagnostic, Turkey) as described according to the manufacturer protocol. Measurements were carried out by ChemWell 2910 Elisa plate reader (Awareness Technology, Inc. Martin Hwy. Palm City, USA) and results were given as μmol Trolox Equiv./g protein or μmol H~2~O~2~ Equiv./g protein, respectively.

Reduced and oxidized glutathione (GSH and GSSH) levels were determined by HPLC chromatography having a fluorescent detector (Ex: 385 Em: 515 nm) using commercial kits (Chromsystems Diagnostics, Munich, Germany) according to user manual. Results were given as μmol/g protein.

Malonedialdehyde (MDA) levels were determined by HPLC chromatography having a fluorescent detector (Ex:515 Em:553 nm) using commercial kits (Chromsystems Diagnostics, Munich, Germany). Results were given as μmol/g protein.

Sodium Dodecyl Sulfate (SDS)-Polyacrylamide Gel Electrophoresis (PAGE) and Immunoblot Analysis {#sec009}
----------------------------------------------------------------------------------------------

For the determination of SOD-1, SOD-2 and GST-Mu protein contents, whole homogenates containing 10 μg (20 μg for GST-Mu) of proteins were separated by SDS-PAGE and electroblotted onto PVDF membranes \[[@pone.0124968.ref023]\]. Blotted membranes were then blocked with 5% (w/v) bovine serum albumin and incubated with prevalidated \[[@pone.0124968.ref024],[@pone.0124968.ref025]\] primary antibodies; SOD-1 (Anti-SOD-1 Sheep IgG, Calbiochem- 574597, Billerica, USA, 1:5000), SOD-2 (Anti-SOD-2 Rabbit IgG, Santa Cruz- sc-30080, USA, 1:100), GST-Mu (Anti-GST-Mu Rabbit IgG, Abcam- ab77925, Cambridge, USA, 1:6000) for two hours. As an internal control, GAPDH proteins were also labeled with anti-GAPDH Rabbit IgG (Santa Cruz-sc-25778, USA, 1:2000) for the normalization. Horseradish peroxidase (HRP) conjugated secondary antibodies (Goat Anti-rabbit-(or sheep for SOD-1) IgG-HRP conjugate; sc-2030 & sc-2770, Santa Cruz, USA, 1:10,000) was incubated for 1 h and the blots were treated with Clarity Western ECL (Bio-Rad Laboratories, Hercules CA, USA) substrate solution. Images of the blots were obtained using the ChemiDoc MP Chemiluminescence detection system (Bio-Rad Laboratories, Hercules CA, USA) equipped with a CCD camera. The relative expression of proteins with respect to GAPDH was calculated using the ImageLab4.1 software.

Determination of Enzymatic Activities {#sec010}
-------------------------------------

Total SOD activities were measured by following the inhibition of pyrogallol autoxidation spectrophotometrically \[[@pone.0124968.ref026]\]. KCN (1.5 mM) were included to assay medium to measure only SOD-2 activity. SOD-1 activities were found by subtracting SOD-2 activities from total SOD activities. One unit of SOD activity was calculated as the amount of protein causing 50% inhibition of pyrogallol autoxidation. GST activities were monitored by the increase in the absorbance of CDNB-GSH (for total GST) or DCNB-GSH (for GST-Mu) adduct as described elsewhere \[[@pone.0124968.ref027]\].

Statistical Analysis {#sec011}
--------------------

Protein expression data were normalized to the mean of the control groups, which was arbitrarily set to 1-fold, and the relative changes were given as fold changes over control. Other data were presented as mean ± standard error of the mean. SPSS 15.0 statistical software (IBM Corporation, Armonk, NY, USA) was used to calculate the statistical significance between groups, which was determined using one-way ANOVA with the appropriate post-hoc test (Tukey's Honestly Significant Difference). A probability of 0.05 was established as the level of significance in the data analysis.

Results {#sec012}
=======

Effect of Resveratrol on STZ Induced Hyperglycemia and Body Weight {#sec013}
------------------------------------------------------------------

Recently, we have publicized that STZ treated rats displayed a significant induction in fasting blood glucose concentration compared to age-matched controls and resveratrol did not affect the diabetic blood glucose levels significantly \[[@pone.0124968.ref013]\]. In diabetes, albeit blood glucose concentrations were very high, diabetic tissues could not make use of blood glucose and it is possible to observe a shift in energy metabolism towards the usage of lipids and proteins. This might explain the weight loss ([Table 1](#pone.0124968.t001){ref-type="table"}) observed in diabetic animals. Furthermore, resveratrol has been shown to possess calorie restriction effects in animals \[[@pone.0124968.ref028],[@pone.0124968.ref029]\], a possible explanation of slight decrease in body weight observed with resveratrol treatment.

10.1371/journal.pone.0124968.t001

###### Summary of overall changes in animals' weights and tissue oxidant /antioxidant status markers.

![](pone.0124968.t001){#pone.0124968.t001g}

                                             Control          Diabetes                                               K+RSV                                                                                     D+RSV
  ------------------------------------------ ---------------- ------------------------------------------------------ ----------------------------------------------------------------------------------------- ------------------------------------------------------
  Initial body weight (g)                    440.81 ± 21.03   393.74 ± 11.23                                         399.56 ± 6.96                                                                             392.61 ± 6.94
  Final body weight (g)                      447.70 ± 16.93   319.30 ± 16.86 [\*](#t001fn002){ref-type="table-fn"}   411.82 ± 14.41 [\#](#t001fn003){ref-type="table-fn"}                                      309.43 ± 14.62 [\*](#t001fn002){ref-type="table-fn"}
  Initial blood glucose (mg/dl)              101.60 ± 3.40    98.80 ± 7.90                                           96.90 ± 8.10                                                                              103.90±8.60
  Blood glucose (mg/dl)after STZ treatment   102.50 ± 6.80    401.70 ± 27.60 [\*](#t001fn002){ref-type="table-fn"}   107.30 ± 10.23 [\#](#t001fn003){ref-type="table-fn"}                                      373.30 ± 34.20[\*](#t001fn002){ref-type="table-fn"}
  Hepatic Insulin(μg/g protein)              134.07 ± 15.71   46.80 ± 6.95 [\*](#t001fn002){ref-type="table-fn"}     128.18 ± 21.09 [\#](#t001fn003){ref-type="table-fn"}                                      54.43 ± 6.05
  TASμmol Trolox Equiv./g protein            0.19 ± 0.02      0.18 ± 0.01                                            0.34 ± 0.05 [\*](#t001fn002){ref-type="table-fn"} [\#](#t001fn003){ref-type="table-fn"}   0.24 ± 0.01
  TOSμmol H2O2 Equiv./g protein              31.87 ± 4.51     54.57 ± 3.67 [\*](#t001fn002){ref-type="table-fn"}     26.66 ± 1.75 [\#](#t001fn003){ref-type="table-fn"}                                        39.20 ± 1.70
  MDAμmol/g protein                          0.065 ± 0.014    0.116 ± 0.015 [\*](#t001fn002){ref-type="table-fn"}    0.074 ± 0.009 [\#](#t001fn003){ref-type="table-fn"}                                       0.069 ± 0.006 [\#](#t001fn003){ref-type="table-fn"}
  GSHμmol/g protein                          43.49 ± 4.85     87.28 ± 3.32 [\*](#t001fn002){ref-type="table-fn"}     28.97 ± 2.31 [\#](#t001fn003){ref-type="table-fn"}                                        85.34 ± 3.88 [\*](#t001fn002){ref-type="table-fn"}
  GSSHμmol/g protein                         14.39 ± 0.96     45.42 ± 1.15 [\*](#t001fn002){ref-type="table-fn"}     8.86 ± 1.02                                                                               39.08 ± 2.90 [\*](#t001fn002){ref-type="table-fn"}
  GSH/GSSH                                   2.98 ± 0.21      1.91 ± 0.08 [\*](#t001fn002){ref-type="table-fn"}      3.38 ± 0.19 [\#](#t001fn003){ref-type="table-fn"}                                         2.22 ± 0.11

Data were expressed as mean ± Standard Error of Mean (S.E.M)

\*represents significance at p\<0.05 as compared with control groups.

^\#^represents significance at p\<0.05 as compared with untreated diabetic groups.

Effect of Resveratrol on Oxidant and Antioxidant Status in Diabetic Liver {#sec014}
-------------------------------------------------------------------------

In our previous study, statistically significant elevation in protein carbonylation and decrease in protein thiols were found in diabetic livers, suggesting diabetes-promoted oxidative stress \[[@pone.0124968.ref013]\]. In this study, presence of oxidative stress in liver tissues was also evidenced with the increment in TOS and MDA levels and decrease in GSH/GSSH ratio by STZ administration.

Resveratrol significantly altered TAS and GSH/GSSH ratios as given to the control rats suggesting that it has strong antioxidant properties to increase the antioxidant potential in the tissues. It normalized elevated TOS and MDA levels and decreased GSH/GSSH ratio observed in diabetic group. [Table 1](#pone.0124968.t001){ref-type="table"} summarizes the results obtained from the biochemical analysis of oxidative biomarkers with both STZ and resveratrol treatment.

Microarray Results {#sec015}
------------------

After array hybridization and deep scanning, data were normalized with RMA method and significantly altered probe sets were determined whose expression levels were at least 2-fold modulated. [Table 2](#pone.0124968.t002){ref-type="table"} summarizes the total number of up- and down-regulated genes with STZ or/and resveratrol treatment. Microarray data are available in the ArrayExpress database (<http://www.ebi.ac.uk/arrayexpress>) under accession number of E-MTAB-3293\[[@pone.0124968.ref030]\].

10.1371/journal.pone.0124968.t002

###### Summary of up- and down-regulated probe set numbers.

![](pone.0124968.t002){#pone.0124968.t002g}

  *Comparison*           *Up-regulatedprobe set number*   *Down-regulatedprobe set number*
  ---------------------- -------------------------------- ----------------------------------
  Control vs. Diabetes   90                               183
  Control vs. K+RSV      186                              494
  Control vs. D+RSV      214                              310
  Diabetes vs. D+RSV     159                              97
  D +RSV vs. K+RSV       393                              218

Total numbers of probe sets having at least 2-fold altered expression as compared to reference group that is given initially in the first column. K+RSV: Resveratrol supplemented control group; D+RSV: Resveratrol supplemented diabetic group.

As compared to the control group, STZ and resveratrol up-regulated the expression of 90 and 186 transcripts, respectively. As given together, 214 genes had enhanced expression. Moreover, diabetes down-regulated 183, and resveratrol down-regulated 494 genes. Diabetes and resveratrol together decreased the expression of 310 transcripts. Total number of genes, whose expression levels were significantly modulated in experimental groups, were summarized in Venn diagrams ([Fig 1](#pone.0124968.g001){ref-type="fig"}).

![Venn diagrams.\
Differentially up-regulated (a) and down-regulated (b) probe set numbers in diabetic, D+RSV and K+RSV groups as compared to control group. The number of genes unique to each group is shown inside the circle, the number of genes changed in two groups is shown in the shaded overlap---ping areas, and the number of genes whose expression profile was modified in all three groups is shown in the central overlap. K+RSV: Resveratrol supplemented control group; D+RSV: Resveratrol supplemented diabetic group.](pone.0124968.g001){#pone.0124968.g001}

Accordingly, some of the genes were found to be effected from diabetes and resveratrol or both in the same manner. That is, shared 13 genes were up-regulated in all three; diabetic, K+RSV and D+RSV groups. Meanwhile, 27 genes were down-regulated in all groups as compared to controls.

In both diabetic and D+RSV group, the same 63 transcripts were repressed while the same 117 genes had increased expression levels. Comparing the effects of resveratrol and diabetes on the gene expression pattern separately, both treatment enhanced same 62, and reduced same 51 transcript levels. As given to the diabetic animals, resveratrol further enhanced 159 and reduced 97 genes significantly (p\<0.05). K+RSV group had 476 highly expressed genes and 477 low expressed genes as compared to untreated diabetic rats. According to another Venn diagram analysis (data not shown), as resveratrol were given to diabetic and control groups, 97 genes (up-regulated 78, down-regulated 19 genes) behaved similarly.

Significantly modulated probe sets were analyzed for their gene ontology (GO) with web based software GOEST \[[@pone.0124968.ref019]\] and their identities were checked from NCBI with Entrez gene numbers.

Effects of STZ on Liver Gene Expression Profile {#sec016}
-----------------------------------------------

The up-regulated 90 genes were functionally annotated into five distinct groups in such a way that genes responsible from cellular catalytic activities, oxidation-reduction reactions, coenzyme binding, NADP binding and terpenoid biosynthesis had at least two fold increased expression. The down-regulated 183 genes were responsible for carbohydrate metabolism, transcriptional regulation, cellular signal transduction, calcium independent cell-to-cell adhesion and lipid catabolism with at least 2-fold reduced expression. The number of STZ-induced genes whose ontological classification was carried out is summarized in Fig [2A](#pone.0124968.g002){ref-type="fig"} and [2B](#pone.0124968.g002){ref-type="fig"}. Whole list of the genes, whose expression levels were significantly up- and down-regulated with STZ treatment (diabetes), ontological groups, probe numbers, fold change values as well as gene symbols were given in supporting information file ([S2 Table](#pone.0124968.s005){ref-type="supplementary-material"}) to this manuscript.

![Functional classification of differentially expressed genes with STZ and resveratrol treatments.\
Numbers of up-regulated (A, C, E, G) and down-regulated (B, D, F, H) genes with diabetes and resveratrol are summarized. One gene could be classified under more than one biological process. K+RSV: Resveratrol supplemented control group. D+RSV: Resveratrol supplemented diabetic group.](pone.0124968.g002){#pone.0124968.g002}

Effects of Resveratrol on Liver Gene Expression Profile {#sec017}
-------------------------------------------------------

Resveratrol, which is a strong antioxidant and regulatory compound, increased the expression of 186 genes that were categorized into ontological groups. GO analysis demonstrated that genes that are in charge from cytoplasmic, cellular and extracellular components were up-regulated. In addition, expression of genes related with positive regulation of biological processes, responses to stress stimulus, responses to biotic factors and immune reactions increased significantly ([Fig 2C](#pone.0124968.g002){ref-type="fig"}). In the K+RSV group, 494 genes were significantly down-regulated and differentially regulated genes in this group were mostly nucleus and nucleolus related. Resveratrol treatment resulted in physiological inhibition of genes responsible from functional proteins present in nuclear compartments such as nucleolus, nuclear envelop and nuclear lumen ([Fig 2D](#pone.0124968.g002){ref-type="fig"}).

Effects of Resveratrol on Diabetic Rat Liver Gene Expression Profile {#sec018}
--------------------------------------------------------------------

As given to the diabetic animals, resveratrol modulated the expression of 256 genes (159 up-regulated, 97 down-regulated) significantly with at least 2-fold alteration. Induced genes were categorized into groups in such a way that genes functioning in immune response, internal and external stimuli, positive regulation of biological process, membrane constituents and developmental processes were up-regulated ([Fig 2E](#pone.0124968.g002){ref-type="fig"}). D+RSV group had also down-regulated genes as compared to diabetic group. These genes involved in single cell metabolic processes, catabolic reactions, lipid homeostasis, sulfation and mRNA processing ([Fig 2F](#pone.0124968.g002){ref-type="fig"}). List of these genes with symbols, entrez gene numbers and fold change values were also given in [S2 Table](#pone.0124968.s005){ref-type="supplementary-material"}.

Effects of Both STZ and Resveratrol Administration Simultaneously on Rat Liver Gene Expression {#sec019}
----------------------------------------------------------------------------------------------

In concert with diabetes, resveratrol induced 214 and repressed 310 genes as compared to untreated control group. According to GO analysis, up-regulated genes belonged mostly to responses to stimuli (stress, extracellular factors and chemicals). In addition, genes responsible from cellular lipid metabolism, oxidoreductase activity, immune system processes and metabolic responses to organic compounds were induced ([Fig 2G](#pone.0124968.g002){ref-type="fig"}). D+RSV group had also at least 2-fold significantly down-regulated genes most of which involved in glycogen catabolism, biosynthetic processes of carbohydrates (gluconeogenesis), lipid and carbohydrate metabolism, catabolism of organic compounds, oxidation reduction reactions and metabolic processes of small molecules ([Fig 2H](#pone.0124968.g002){ref-type="fig"}).

There were number of genes whose expression profile was modified similarly in all three groups (Diabetes, D+RSV and K+RSV). These three groups had 13 up-regulated and 27 down-regulated genes whose expression levels were above or below the control values, respectively. Among these common genes, there was not any strong association to put them into specific GO term. According to data, *Usp2* was the most up-regulated ones while *Nrep* was the most down-regulated ones. It is interesting to mention that fold change values of up- or down-regulated genes in STZ or resveratrol groups were boosted in a cumulative pattern as given together. For instance, *Usp2* levels were 15.97 fold up-regulated in diabetics and 7.41 fold in resveratrol groups. As STZ and resveratrol were given together to same group (D+RSV), up-regulation levels become 16.27 fold. Similarly, *Nrep* mRNAs were 3.40 fold down-regulated with diabetes and 3.12 fold down-regulated with resveratrol, but D+RSV group have 27.25 fold decreased expression levels.

Pathway Analysis {#sec020}
----------------

KEGG pathway analysis was performed to further elucidate the modulated pathways in STZ and resveratrol treated rat liver tissues \[[@pone.0124968.ref020]\]. The top KEGG pathways with associated genes and symbols, which are significantly correlated with diabetes and resveratrol, were shown in [S1 Fig](#pone.0124968.s001){ref-type="supplementary-material"}. Pathway analysis confirmed the modulation of xenobiotic and carcinogen metabolisms with both STZ ([Fig 3](#pone.0124968.g003){ref-type="fig"}) and resveratrol. Retinol metabolism and insulin signaling pathways were also modulated in diabetic rat liver tissues. Besides, main biological processes altered by resveratrol were analyzed in cell cycle and cancer, PI3K-AKT, chymokine and MAPK signaling pathways. It could be inferred from the data that down-regulated genes were enriched in programmed cell death cascades and pathways in cancer, suggesting that effects of resveratrol is correlated with apoptosis and cancer. Resveratrol also modulated the cytochrome P450 mediated xenobiotic metabolism, steroid hormone biosynthesis proteins, retinol and NFκB signaling pathways as administered to diabetic animals.

![Regulation of cytochrome P450 mediated xenobiotic metabolism with diabetes.\
Yellow color in the pathway components indicates a general up-regulation of xenobiotic metabolism with diabetes.](pone.0124968.g003){#pone.0124968.g003}

Validation of Microarray Data by Real Time qRT-PCR {#sec021}
--------------------------------------------------

To validate microarray data, the expression patterns of several genes of interest (e.g. *CAT*, *Usp2*, *Igfbp2*, *GST-A5*, *CYP8B1 and CYP1A1*) were determined by qRT-PCR analysis. The changes in the expression of the genes were similar in the direction and the magnitude between the two techniques ([Fig 4](#pone.0124968.g004){ref-type="fig"}).

![Validation of the microarray data with qRT-PCR.\
The expressions of six genes of interest between different groups were analyzed using Affymetrix microarray and qRT-PCR. Expression levels of selected genes showed similar directional changes. Since one gene is used for multiple comparisons between different groups, the number of bars in the figure exceeds the total number of genes used in validation study.](pone.0124968.g004){#pone.0124968.g004}

Determination of Gene Expression Levels of Antioxidant and Detoxification Enzymes {#sec022}
---------------------------------------------------------------------------------

In this study, gene expression of main antioxidant enzymes; superoxide dismutases (*SOD-1* and *SOD-2*) and several phase I and phase II detoxification enzymes such as; cytochrome P450s (*CYP1A1*, *CYP1A2*, *CYP2A1*, *CYP2B1*, *CYP2E1*, *CYP 2C11*, *CYP4A1*, *CYP8B1*) and glutathione S-transferases (*GST-Mu* and *GST-Pi*) were determined by qRT-PCR for deep scanning of exact modulation mechanisms over those enzymes.

Quantitative real time PCR results demonstrated that gene expression levels of main antioxidant enzymes *SOD-1*, *SOD-2* and detoxification enzymes *GST-Mu* and *GST-Pi* were suppressed with diabetes ([Fig 5](#pone.0124968.g005){ref-type="fig"}). Resveratrol down-regulated *SOD-1* in control group and slightly normalized the *SOD-2* and *GST-Mu* gene expression in diabetic rat liver tissues.

![Relative gene expression levels of *SOD-1* (A), *SOD-2* (B), *GST-Mu* (C) and *GST-Pi* (D).\
Data were normalized with respect to internal standard, *GAPDH*. \*Indicates that the means were significantly different (p\<0.05) compared to control groups, \#Indicates that the means were significantly different (p\<0.05) compared to diabetic groups. K+RSV: Resveratrol supplemented control group, D+RSV: Resveratrol supplemented diabetic group.](pone.0124968.g005){#pone.0124968.g005}

It was also demonstrated that STZ up-regulated *CYP1A1*, *CYP2B1*, *CYP2E1*, *CYP8B1* and down-regulated *CYP1A2*, *CYP2A1*, *CYP2C11*, *CYP4A1* genes in liver tissues ([Fig 6](#pone.0124968.g006){ref-type="fig"}). The most significant effect of resveratrol was observed with *CYP1A2* and *CYP8B1* isoforms, since there was a considerable reduction in *CYP1A2* and induction in *CYP8B1* expression. At the same time, diabetic *CYP2A1*, *CYP2E1* and *CYP8B1* expression levels were almost normalized with resveratrol treatment.

![Gene expression levels of cytochrome P450 isozymes with diabetes and resveratrol.\
Relative gene expression levels of *CYP1A1* (A), *CYP1A2* (B), *CYP2A1* (C), *CYP2B1* (D), *CYP2E1* (E), *CYP2C11* (F), *CYP4A1* (G) and *CYP8B1* (H) with respect to internal standard *GAPDH*. \*Indicates that the means were significantly different (p\<0.05) compared to control groups, \#Indicates that the means were significantly different (p\<0.05) compared to diabetic groups. K+RSV: Resveratrol supplemented control group, D+RSV: Resveratrol supplemented diabetic group.](pone.0124968.g006){#pone.0124968.g006}

Immunoblot Analysis of SOD-1, SOD-2 and GST-Mu {#sec023}
----------------------------------------------

In this study, we also analyzed the protein levels of SOD-1, SOD-2 and GST-Mu and their concerted modulation in diabetic liver with or without resveratrol. Immunoblot results were summarized in representative blot images ([Fig 7A](#pone.0124968.g007){ref-type="fig"}). Densitometric analysis revealed that similar with the mRNA expression data, protein levels of SOD-1 and GST-Mu were also reduced in diabetic liver. GST-Mu and SOD-2 protein levels were affected from resveratrol in such a way that application to diabetic animals normalized GST-Mu towards control values ([Fig 7B](#pone.0124968.g007){ref-type="fig"}). This result was in agreement with mRNA expression of the same protein. Resveratrol induced SOD-2 levels in control group but any significant effect was observed on SOD-1 proteins (Fig [7C](#pone.0124968.g007){ref-type="fig"} and [7D](#pone.0124968.g007){ref-type="fig"}).

![Protein contents of major antioxidant enzymes.\
Representative images for GST-Mu, SOD-1 and SOD-2 protein contents measured by Western blot analysis (A). The intensity of the bands was quantified using densitometry and normalized with corresponding GAPDH. Effects of diabetes and resveratrol on GST-Mu (B) SOD-1 (C) and SOD-2 (D) protein levels are summarized. Each bar represents at least six rats. \*Indicates that the means were significantly different (p\<0.05) compared to control groups, \#Indicates that the means were significantly different (p\<0.05) compared to diabetic groups. K+RSV: Resveratrol supplemented control group, D+RSV: Resveratrol supplemented diabetic group.](pone.0124968.g007){#pone.0124968.g007}

Effect of Resveratrol on SOD-1, SOD-2, Total GST and GST-Mu Activities in Diabetic Liver {#sec024}
----------------------------------------------------------------------------------------

The transcription data is useful for identifying potential candidates for follow-up work at the protein and activity level. Gene expression data can suggest whether or not the protein is present or not and roughly what level to expect to see the protein level. Usually, a highly abundant protein has a highly expressed mRNA. However; in some cases, change in mRNA and protein levels do not correlate that well mainly due to the regulation at different levels. Therefore, biochemical functions of proteins and enzymes might not be correlated to their associated mRNA levels. On the basis of this, biochemical status of SOD-1, SOD-2, and GSTs (Total-GST and GST-Mu) were determined by measuring the enzymatic activities.

It was observed that, diabetes decreased the activities of both SOD-1 and GST-Mu below the control values. SOD-1 and GST-Mu activities were decreased about 41% and 20%, respectively in diabetics ([Fig 8](#pone.0124968.g008){ref-type="fig"}). Repressions of these activities were in parallel with their mRNA and protein levels reflecting that transcriptional repression lead the enzymatic activities to be silenced. In addition, resveratrol increased SOD-1 and SOD-2; as well as total GST activity as given to control group. Conversely, except total GST, it did not affect the activities in STZ-induced diabetic group significantly.

![Summary of the changes in SOD-1 (A), SOD-2 (B), total GST (C) and GST-Mu (D) activities.\
Each bar represents at least nine rats. \*Indicates that the means were significantly different (p\<0.05) compared to control groups, \#Indicates that the means were significantly different (p\<0.05) compared to diabetic groups. K+RSV: Resveratrol supplemented control group, D+RSV: Resveratrol supplemented diabetic group.](pone.0124968.g008){#pone.0124968.g008}

Discussion {#sec025}
==========

Microarray is a high throughput technology giving a snapshot of all the transcriptional activity in a biological sample. Detection of gene expression profile by using microarray provides identification of underlying mechanisms of a disease or drug response. Diabetes is a metabolic disorder usually originated from the combination of genetic and environmental factors. It causes tissue damage by creating oxidative stress-induced pathologies in a number of tissues \[[@pone.0124968.ref031]--[@pone.0124968.ref033]\]. Deterioration of liver functions and the molecular basis of metabolic changes caused by diabetes have not been fully elucidated. The present study used a genome-wide expression approach to characterize alterations in liver gene expression by STZ-induced diabetes and exploit the role of resveratrol on gene expression patterns in rat liver tissues.

Resveratrol (3,4',5-trihydroxystilbene) is a polyphenolic compound found mainly in grapes, wine, peanuts and blueberries. In addition to antioxidant \[[@pone.0124968.ref034]\], anti-inflammatory \[[@pone.0124968.ref035]\], anti-apoptotic properties \[[@pone.0124968.ref036]\], it has ability to protect against oxidative damage in the pathophysiology of diabetes \[[@pone.0124968.ref037],[@pone.0124968.ref038]\]. At the same time, it affects expression levels of several apoptotic and anti-proliferative genes \[[@pone.0124968.ref039],[@pone.0124968.ref040]\].

The results of this study provide another evidence for the presence of oxidative stress in the liver tissues of diabetic rats. It was confirmed with the increment in TOS and MDA levels and decrease in GSH/GSSH ratio by STZ administration. Normalization of TOS, MDA and GSH/GSSH ratio demonstrated strong antioxidant properties of resveratrol.

General appearance of microarray data revealed that gene expression regulatory/modulatory action of resveratrol was found to be stronger than STZ. Since, diabetes up-regulated 90 genes, which was the half number of genes, whose expression was augmented by resveratrol application. Similarly, while 183 genes were down-regulated with diabetes, resveratrol affected approximately 2.5-fold more (494) genes.

Diabetes-induced genes are responsible from catalytic activities, oxidation reduction reactions, co-enzyme and NADP binding and terpenoid biosynthesis processes. The largest change caused by diabetes occurred in *Usp2* gene. This gene is responsible from the production of enzymes having a role in the removal of ubiquitin molecules on variety of proteins to mark them to go through proteolysis. Furthermore, diabetes up-regulated the genes of phase I and II detoxification enzymes such as, *CYP2J4*, *CYP1A1*, *P450* (cytochrome) oxidoreductase, *Nat8*, *GCNT2*, *GSTYc2*. Such significant increases in these genes indicate the rise of diabetic detoxification processes which is also confirmed by pathway analysis.

Down-regulated genes with diabetes were mainly responsible from cellular metabolic processes. At the same time, genes in carbohydrate metabolism, regulation of transcription, intracellular signal transduction, calcium-dependent cell-to-cell adhesion and lipid catabolism were also suppressed. The most significant decrease occurred in *Npas2* gene chiefly involved in transcriptional control. In addition to *Npas2*, eight more transcription factors were also suppressed. In our recent study, we have demonstrated that expression levels of catalase and glutathione peroxidase were suppressed with diabetes \[[@pone.0124968.ref013]\]. *SOD-1*, *SOD-2*, *GST-Mu* gene expressions were also found to be reduced in this study. Therefore; decrease in the mRNA levels of aforementioned transcription factors in diabetes may be associated with decreased gene expression of antioxidant and some detoxification enzymes. Moreover, diabetes suppressed the genes responsible from carbohydrate metabolism which could be explained by the inability of blood glucose usage in the absence of insulin. A decrease in the expression of genes functioning in intracellular signal transduction is a sign of the impairment in cellular communication mechanisms.

When the effects of resveratrol on the gene expression profiles were analyzed in detail, the greatest impact is seen to occur in the genes providing the cellular integrity and continuity. In order to strengthen the cellular and cytoplasmic constituents, 150 genes were up-regulated by resveratrol. At the same time, resveratrol activated the genes forming responses to biotic stimulus and supported immune and defense mechanisms. The most noteworthy effect of resveratrol belonged to the expression of genes; *Lcn2* and *Usp2* functioning in the regulation of apoptosis. Resveratrol had also significant effects on *Akta1*, *Mylpf* and *Myl1* genes which are responsible from cellular motility and *S100a9* thought to be related to acute inflammation. All these changes caused by resveratrol elucidate its potential in reducing apoptotic responses and cell motility together with its immune-enhancing properties. Suppression of genes related to nucleus, nucleolus, nuclear envelope and nuclear core portions with resveratrol is well established. In addition to the *Lcn2* gene in the regulation of apoptosis (35.8 fold increase), reduction in the expression levels of *Pdcd4* (8.8 fold) and *Tp53bp2* (tumor protein p53 binding protein) genes (2.8-fold) acting as apoptosis inhibitors, refers to the ability of resveratrol in regulation of controlled cell death.

In addition to immune responses, resveratrol treatment to the diabetic animals also induced genes which are producing responses to internal and external stimuli and functioning in positive regulation of biological and developmental processes. The expression levels of genes exhibiting the greatest increase in D+RSV group were *Lcn2*, *Abcc3*, *GPx2*, *CYP1A1*, *CYP26A1*, *Igfbp2*, *GST-A5* and *Lgals3*. It is clear that an increase in the expression of these genes might be an indicator of the enhanced protection mechanisms for metabolic changes occurred as a result of diabetes, since most of these genes are functioning in detoxification metabolism.

A large portion of the down-regulated genes in resveratrol treated diabetic group are determined to be in charge from the synthesis of enzymes having catalytic activities in lipid homeostasis and sulfation reactions. Down-regulation of *Dhrs7* and *Car3* playing roles in response to oxidative stress; *CYP8B1* involving in the sterol metabolism, *Nox4* enabling the formation of reactive oxygen species have been well identified. Decreases in the expression level of these genes illustrate the contribution of resveratrol in the reduction of reactive oxygen species (ROS) and oxidative stress, and thus it may have positive effects against oxidative stress modifiers.

As given to the diabetic animals, resveratrol induced genes producing responses to abiotic, stress and chemical stimuli in liver tissues. Together with these increments, a rise in the expression level of genes encoding the components of the immune system might point out supportive functions of resveratrol in enhancing immune responses against inflammatory state. Resveratrol also down-regulated the genes of gluconeogenesis and glycogen catabolism in diabetic rat liver tissues. It is known that diabetic liver tissues deprive the glucose from the blood that might result in accelerated gluconeogenesis and glycogen breakdown. Down-regulation of those genes demonstrates the power of resveratrol in reducing the need for glucose in diabetic rat liver tissues.

According to pathway analysis, it is clear that STZ-induced diabetes mostly affected the xenobiotic metabolism. Additionally, pathways involved in chemical carcinogenesis, retinol metabolism and insulin signaling were also highly modulated. Resveratrol mostly modified the genes in the pathways related to cancer, chemokine, PI3K-AKT, MAPK signal transduction as well as cell cycle. In this context, resveratrol was found to suppress the genes involved in the carcinogenesis and appears to regulate the cell cycle. In addition, it led to significant changes in the PI3K-AKT pathway. While resveratrol is responsible from the activation of certain genes located in chemokine signal transduction, it also organizes the genes in cellular processes such as proliferation, differentiation, motility, responses to stress and apoptosis. The expression level of the genes, which are responsible from both activation and removal of xenobiotics from the body, significantly enhanced with resveratrol in diabetic group due to acceleration of detoxification process. Resveratrol also suppressed the expression levels of genes in steroid metabolism, NFκB signaling, retinol metabolism and some other signal transduction elements in diabetic animals. Reduction of these elements by resveratrol confirms its regulatory and/or normalizing effects on diabetes associated irregulatories.

The major antioxidant enzymes in cells are superoxide dismutase isozymes; SOD-1 and SOD-2 which protect radical induced tissue damage via reducing oxidative stress in cytoplasm and mitochondria, respectively. Another protective mechanism against oxidative stress is glutathione S-transferases (GSTs), which catalyze the conjugation of glutathione to a wide range of electrophiles. They exhibit differential response to a wide variety of chemicals and oxidative stress in the normal and pathophysiological conditions such as diabetes mellitus \[[@pone.0124968.ref025]\]. Among the different isoenzymes of GSTs, the cytosolic Mu and Pi isoenzymes function in the elimination of diverse array of foreign compounds as well as wide variety of products of oxidative stress \[[@pone.0124968.ref041]\]. In addition, cytochrome P450 enzymes are primarily responsible from the metabolism of endogenous and exogenous xenobiotics.

Recent studies indicated that oxidative stress might lead to the inactivation of abovementioned enzymes diminishing the organism\'s antioxidant defense system \[[@pone.0124968.ref042]\]. In relation with this depiction; we analyzed the expression levels of antioxidant (*SOD-1*, *SOD-2*, and *GST-Mu*) and detoxification enzymes (cytochrome P450s) in deep scanning with qRT-PCR. It was revealed that detoxification enzymes had trends towards up-regulation with diabetes while this situation for antioxidant enzymes was the reverse. Increase in the expression of particularly *CYP2E1* isozymes in diabetic animals, is seen as an adaptation for the elimination of oxidative products and the pathology of diabetes \[[@pone.0124968.ref043]\]. Down-regulation of the antioxidant and some detoxification enzymes might be explained by the decrease in transcription factors such as *NFκB* and *Nrf2* which might affect the transcription of those genes. Despite, diabetes reduced the expression levels of *Nrf2*, which is a redox-sensitive transcription factor, it induced *NFκB* \[[@pone.0124968.ref013]\]. Repression of *Nrf2* expression with diabetes and its normalization with resveratrol treatment demonstrated the down-regulation of *Nrf2* signaling with oxidative changes, which in turn affected downstream regulatory proteins, such as antioxidant and detoxification enzymes in the diabetic situation \[[@pone.0124968.ref010],[@pone.0124968.ref013]\]. Microarray studies also revealed that diabetes decreased the expression levels of a number of other genes (9 genes) in the regulation of transcription. Suppression of these transcription factors could affect the levels of antioxidant and detoxification enzymes. Effects of resveratrol on antioxidant enzymes did not generally occur at the level of transcription but at the level of activity. Since, mRNA expression levels of antioxidant enzymes did not change in a significant way but increase in activities (SOD-1 and SOD-2) revealed the post-translational effect of resveratrol, which is the novel finding of the study.

To sum up, deep scanning of total mRNA expression of genes in experimental diabetic rat liver tissues were performed in this study. Besides, changes occurred by the strong antioxidant; resveratrol was also studied at transcriptome level. In addition to gene and protein expression analysis of antioxidant enzymes, their activity data enlighten the regulation mechanisms over these enzymes. Results demonstrated that resveratrol supplementation could be useful in the alleviation of streptozotocin-induced disturbances, which is evidenced by the normalization of the antioxidant and detoxification enzymes. Furthermore, transcriptome data obtained with the present study would facilitate a wide range of future studies to establish common and tissue-specific molecular mechanisms underlying the development of diabetic complications, with the aim of discovering new diagnostic markers or treatments with natural therapeutic compounds.
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###### Regulated pathways.

The top KEGG pathways significantly correlated with diabetes and resveratrol with associated genes and their fold changes. Colors in the figures demonstrate the fold change (FC) values as indicated in legends.
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###### Ontologically classified genes that were modulated with diabetes and resveratrol.

Tables shows the list of ontologically categorized genes, whose expression levels were significantly up- and down-regulated with STZ or/and resveratrol treatment, with their probe numbers, fold change values as well as gene symbols.
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